Objectives The aim of this review was to systematically investigate long-term brain health in retired rugby players.
AbsTrACT Objectives The aim of this review was to systematically investigate long-term brain health in retired rugby players.
Methods Six databases were systematically searched from inception to January 2018 using Medical Subject Headings and keywords. Two reviewers independently screened studies for inclusion. Cross-sectional studies of living retired male or female rugby players in which at least one cognitive test was used as an outcome measure were included. Data extraction was performed using Strengthening the Reporting of Observational Studies in Epidemiology guidelines. Methodological quality was assessed independently by two reviewers using the Downs and Black methodological quality tool. results This review yielded six studies with an overall methodological quality of 'moderate'. A total of 672 male retired rugby players (mean ages of 38-52 years) were included in this review. Three studies investigated neuropsychological functioning in retired rugby players in comparison with controls, with no significant evidence of decreased performance in the majority of tests when compared with controls. Five out of the six studies explored self-reported measures of cognition. Three studies compared retired rugby players to controls, one of which found significantly increased subjective cognitive complaints among retired rugby players. The other two studies found that persistent postconcussion symptoms were associated with a higher number of selfreported concussions. Two studies reported decreased fine motor control in retired rugby players in comparison with controls. Neurometabolites and electrophysiological changes were explored by two studies, with minimal and non-significant findings.
Conclusions Overall findings are mixed. Methodological biases reduce the overall study quality and limited the conclusions that can be drawn. Findings of decreased fine motor control in retired athletes may be influenced by lack of controlling for evidence of upper limb musculoskeletal injuries. While some studies show evidence of reduced cognitive function among former athletes, the results are not significantly lower than population norms. Cognitive findings from this review are inconsistent within and across study cohorts and are biased towards positive findings when self-report methods were selected. Current evidence suggests that large gaps remain in the understanding of the cause-and-effect relationships between playing rugby and long-term brain health in retired players.
InTrOduCTIOn
Rugby is a popular full-contact sport played throughout the world at varying levels of competition, including professional level.
There are many benefits of engaging in sport, with consistent evidence supporting associations with cognitive vitality, neural functioning and decreased risk of cognitive decline. [1] [2] [3] [4] [5] [6] However, the physically demanding nature of rugby exposes players to injury, particularly involving the tackle, [7] [8] [9] a central tenant of the game. 10 The frequent engagement in high-velocity collisions and impacts during contact activities such as the tackle and scrum, which varies depending on position, commonly result in musculoskeletal system injuries 11 and place players at risk of head and neck injury. 12 13 Given the physical nature of the sport, the incidence of concussion in rugby is high, 14 15 estimated between 4 and 13.4 concussions per 1000 contact
What is already known?
► Rugby is a popular sport worldwide. ► Rugby has one of the highest incidence of concussion of all contact sports. ► The long-term neurocognitive effects of a history concussion/repeated head impact exposure is a topic of increasing controversy and concern in rugby.
new findings?
► There is modest objective evidence of decreased neuropsychological performance in retired rugby players in comparison with normative data/control cohorts. ► Some retired rugby players appear to have increased self-report cognitive difficulties in retirement. ► There is some evidence of decreased fine motor control in retired rugby players. ► Neuroimaging and neurophysiological investigation is limited to date.
Open Access hours. 13 16-18 This is recognised as one of the highest rates of concussion of all full-contact sports. 13 Concussion in sport has been a topic of much attention and controversy. Postmortem investigations of former NFL American football players have raised concerns regarding neurodegenerative diseases, namely chronic traumatic encephalopathy (CTE), as potential adverse long-term outcomes of exposure to head impacts and concussions in sport. [19] [20] [21] [22] [23] Given that rugby has a higher concussion incidence than American football, the issue of neurodegenerative decline is of particular importance. 24 There is some evidence of worse neurocognitive performance associated with school-level participation in rugby. Adolescent male rugby players prospectively investigated have been found to have significantly lower neurocognitive performance over 3 years and poorer academic achievement over 6 years in comparison with non-contact sport controls. 25 To date, there has been one case of CTE documented in a deceased former rugby player. 26 However, information on long-term brain health among living retired rugby players is limited. Considering the high levels of participation of rugby worldwide, 27 a formal objective investigation into long-term cognitive status of rugby players is needed. The aim of this review is to systematically investigate the literature examining long-term neurocognitive status of living retired rugby players.
MeThOds

This review was conducted according to Preferred
Reporting Items for Systematic Reviews and Meta-Analyses guidelines (www. prisma-statement. org) and was registered with PROSPERO, a registry of systematic reviews. Registration is available at https://www. crd. york. ac. uk/ prospero/; registration number: CRD42017081586. eligibility criteria Retired rugby players were included in this study. Studies were required to include retired male or female rugby players administered at least one form of cognitive testing as an outcome measure. Studies were excluded if they explored only active rugby players and/or case studies with five or fewer participants. The primary outcomes investigated were key domains of cognitive functioning including learning and memory, executive function and complex attention. Secondary outcomes included history of sports-related concussion (SRC)/mild traumatic brain injury (TBI).
search strategy A systematic literature search was undertaken using the electronic databases of MEDLINE/PubMed, Embase, Cochrane Central Register of Controlled Trials, PyscINFO, CINAHL and Web of Science from their inception to January 2018. The different search terms were adapted for use with each database (see online supplementary appendix 1). The search strategy keywords related to three components: (1) the participant (eg, retired rugby player), (2) the primary outcome measure (eg, cognitive functioning) and (3) secondary outcome (eg, history of sports concussion). No search restrictions were imposed. The electronic database searching was supplemented by searching abstracts of the international conference on sports concussion consensus meetings (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) (2009) (2010) (2011) (2012) (2013) (2014) (2015) (2016) (2017) (2018) along with conducting grey literature searching and a hand search of the reference lists of included studies. Abstracts (n=2) were found, which were not available in full text in the published literature. In this instance the authors were contacted via email/Research Gate seeking access to the full text of relevant studies. The titles and abstracts of the retrieved studies were independently screened to identify studies that met the eligibility criteria. Following this initial screening, the same two reviewers independently assessed the full texts of the selected studies. Any disagreements on inclusion of studies were resolved through discussion and consultation with a third reviewer to reach a consensus. Following this process of elimination, five studies were included for this review (figure 1).
data extraction and analysis A data extraction template was used as a checklist of items, which should be included in reports of cross-sectional studies, based on Strengthening the Reporting of Observational Studies in Epidemiology guidelines. 28 Key details such as participant characteristics, details of concussion history, outcome measures used and relevant outcome data (group means and SD) were recorded and presented in table format (see table 1 ). A meta-analysis was deemed inappropriate due to the small number of studies, heterogeneity of study designs and varying cognitive assessments employed.
MeThOdOlOgICAl AssessMenT
An adapted Downs and Black checklist was used to evaluate the methodological quality of the studies. 29 This was performed independently by two reviewers (JCC and FW) . Disagreements between the reviewers were resolved through discussion to achieve consensus. Failing agreement, a third reviewer (SB) arbitrated. The checklist was modified to a maximum of 17 applicable questions, which addressed the following methodological components: reporting, external validity, internal validity (bias and confounding) and power. Seventeen items were rated either as yes (=1) or no/unable to determine (=0), and one item was rated on a three-point scale (yes=2, partial=1, and no=0). The maximum achievable score was 18, with higher scores indicating a better methodological quality of the study. Results were categorised according to the adapted Downs and Black checklist 29 from Hartling et al 30 and Hignett. 31 Interpretation of results was as follows: strong quality (≥14) represented the top 75%; moderate quality (9-13) represented 50%-74%; limited quality represented (5-8) represented 25%-49%; and poor quality (<5) represented <25%.
Open Access resulTs
The search strategy and selection process are summarised in figure 1, with 3765 records (after the removal of duplicates)initially identified. A total of six studies published between 2008 and 2017 met our criteria and were included in this review. Studies were cross-sectional observational studies that explored cognitive health measures in retired rugby players.
Types of outcome measures used
The studies included a wide variety of cognitive tests in order to assess the retired athlete's cognitive capabilities. Some studies used a comprehensive battery of neuropsychological tests that subjectively or objectively explored different aspects of cognition, while others used only one cognitive test. To ease interpretability of tests used, individual neuropsychological tests were categorised according to the predominant cognitive domain they assessed. The eight domains explored were: attention, executive functioning, information processing, motor speed, verbal ability, verbal memory, visual memory and visuospatial ability. Neuropsychological tests and their corresponding cognitive domains are displayed in figure 2 . In addition to the cognitive evaluation, subjective and self-administered questionnaires were used. One study used a self-reported measure of cognition: the Modified Telephone Interview for Cognitive Statu. Four other studies used a specific postconcussion questionnaires, for example, the Rivermead Post-Concussion Symptoms Questionnair and the Post-Concussion Symptom Checklist (PSCS), both of which assess for persistent symptoms associated with concussion, including cognitive complaints.
Methodological assessment
The mean methodological quality score was 9.5 (SD 3.27) out of a total score of 18, giving an overall quality score of 'moderate' (percentage 50%-74%; 9-13). See table 1 for individual quality scores. study characteristics Study characteristics and findings are summarised in table 1. A total of 672 male retired rugby players (range of mean ages 38-52 years) were included in this review. Participant characteristics varied in age, medical history, socioeconomic background, concussion exposure and number of concussions reported. Five out of the six studies included a control group. 10 27 32-34 While the different cohorts in the study by Thornton et al 35 included rugby players across varying participation/ competition levels. Open Access Table 1 Continued Open Access
Objective cognitive tests
Gardner et al 32 found no significant differences in cognitive functioning in retired rugby players in comparison with controls. Thornton et al 35 also found no between group differences in cognitive functioning in retired rugby players who were grouped based on self-reported concussion history in a non-controlled study. McMillan et al 27 found that retired rugby players performed significantly worse than controls on tests of verbal learning (p=0.022), but no significant differences were found in cognitive tests of global cognitive functioning, processing speed, attention, memory and executive function in comparison with controls (p>0.05). Hume et al 10 found that a self-reported history of concussion was associated with small to moderate neurocognitive deficits in retired rugby players in areas such as cognitive flexibility, complex attention and executive function relative to the player group with no concussion history. The elite rugby group performed worse on tests of complex attention (effect size (EF) −0.67, 95% CI −1.07 to −0.26) and cognitive flexibility (EF −0.37, −0.74 to 0.00). The community rugby group performed worse than the non-contact group on executive functioning (EF −0.51, 95% CI −0.89 to −0.12).
subjective cognitive tests
Gardner et al 32 and Lewis et al 34 found no significant differences in self-report (S-R) measures of postconcussion symptoms (PCS) in retired rugby players compared with controls. In contrast, Decq et al 33 found that Open Access retired rugby players had a higher rate of mild cognitive disorders (p=0.005), based on S-R of cognitive symptoms. McMillan et al 27 found that persistent symptoms attributed to concussion were more common in retired rugby players who self-reported more than nine concussion events (p=0.028). However, these symptoms were not perceived to affect social or work functioning. Thornton et al 35 separated the rugby players into groups based on self-reported concussion exposure. Players with higher past concussion exposure were found to have increased PCS. Participants with no 'heavy' concussions, which included grade 2 or 3 concussions as described by the American Academy of Neurology, 36 reported significantly fewer memory complaints, less distress and less overall total PCS than did those with three or more heavy concussions.
Fine motor function
Gardner et al found that retired rugby players performed significantly worse in a test of manual dexterity with the non-dominant hand (p=0.03). Similarly, McMillan et al 27 found that retired rugby players had significantly lower scores on a test of fine coordination of the dominant hand (p=0.038). Both studies compared retired rugby players with healthy community control groups.
neuroimaging Gardner et al 32 were the only investigators to explore brain health in retired rugby players using a neuroimaging modality. Magnetic resonance spectroscopy was used to detect potential biochemical changes, showing that in comparison with non-sportsperson controls, retired rugby players had significantly lower concentrations of grey matter glutathione (p=0.02). No differences were found in grey matter (p=0.19) or white matter N-acetylaspartat (p=0.52) in retired athletes compared with controls. electrophysiology Lewis et al 34 were the only authors to evaluate for electrophysiological changes in retired rugby players. Resting motor threshold was significantly higher (p=0.004), along with greater long-interval intracortical inhibition (p=0.005) in the elite rugby group compared with the control group. There was no evidence of altered corticomotor excitation and inhibition in the retired community rugby group who had experienced a similar number of concussions.
dIsCussIOn This review shows modest objective evidence of decreased neuropsychological performance in retired rugby players. Some retired players appear to have persistent subjective postconcussion symptoms complaints, which were associated with the number of reported concussions in two studies. Fine motor control was found to be decreased in retired players compared with control groups in two studies. The evidence indicating declines in neurophysiological and neurochemical measures among retired rugby players were equivocal. Despite the research in this area being in its infancy, the longterm consequences of SRC remains a controversial topic of continuing interest. Some are now advocating for the banning of collision sports that expose athletes to head impacts, particularly at underage levels, 37 but the current body of knowledge surrounding the long-term sequelae of playing rugby is not conclusive. As modern societies are largely inactive, banning a large number of sports is likely to counteract the goal of optimal brain health. 38 Notably, investigations into the long-term effects of head impact exposure with/without concussion, associated with rugby participation on later-life brain health, are influenced by methodological biases. Primary among the studies evaluated here is the issue of self-selected participation on which results are based. It is therefore unclear whether the studies presented herein are representative of the entire retired rugby player the population. While five out of six studies provided a concussion definition, 10 27 33-35 a wide variety of definitions used differed from international consensus recommended guidelines. 39 40 The lack of standardised criteria may impact accurate injury surveillance. 41 42 Gardner et al, 32 Thornton et al 35 and McMillan et al 27 had the most robust exclusion criteria with participants excluded on the basis of a medical history of neurosurgery, diagnosis of chronic and debilitating neurological or psychiatric disturbance or other major medical conditions. These limitations make it difficult to draw conclusions regarding the longterm sequelae.
A control cohort was used in five out of six studies, with Thornton et al 35 being the only authors to exclude a control group. Instead, between-group differences among competitive, older/recreational and retired rugby players based on the number of previous concussions were analysed. While the lack of a non-contact control group is a potential bias, investigating groups of rugby players based on number of reported concussions offers an opportunity to evaluate the effect of concussion. However, given that the groups ranged from competitive to recreational to retired rugby players, different levels of head impact exposure without concussion would be expected. This is reflected in the different number of years played, which is highest in the older and recreational players. However, the influence of overall head impact exposure on cognitive tests was not explored. Additionally, the male-to-female ratio differed across the groups, with the 'no concussions' group having the highest percentage of females included. In predicting cognitive functioning based on neurocognitive test batteries, only demographic variables were found to be significant. Greater concussion exposure was found to be associated with total PCSC scores including the memory PCS scale. However, this relationship was only present in retired and recreational players and not competitive players. It is difficult to interpret the associations between self-report concussion Open Access history and subjective PCSC scores, given the potential for recall bias in self-report.
Three out of the five studies did not control for a history of non-sports-related TBI among participants, 10 33 34 which may influence the results. Gardner et al 32 were the only investigators to control for a history of neurotrauma or participation in contact sports. Investigations in the majority of the studies have been on retired rugby players in comparison with controls who, in many cases, have a previous history of concussion/history of participation in sports that may expose to head impacts. 10 27 34 For example, 34% of controls in the study by McMillan et al 27 had a concussion history and 63% had a history of playing rugby. A more robust comparison would include sport type, years played, position, along with number of concussions among all participants including controls. By failing to do so, there is a risk of biasing between group differences in cognitive tests. Ideally, former non-contact sport athletes, with and without concussion history, should be employed as a control group to allow for the evaluation of concussion alone, head impact exposure without concussion and head impact exposure with concussion. Length of time since most recent concussion and retirement (ie, time elapsed since potential head impact exposure) is also of significant importance when trying to differentiate between the potential long-term effects of a career in rugby as oppose to more short-term effects of a recent concussion. This was only assessed in two out of the five studies.
32 34 Gardner et al 32 included two retired players who had sustained a concussion within the past year, 4 and 6 months prior. Among the retired players, four had retired sometime during the previous 12 months. Whereas, Lewis et al 34 required rugby players to be retired from competitive sport for at least 5 years.
The host of confounding factors that may influence brain functioning in the retired rugby players as they age were controlled to different extents in the studies. Gardner et al 32 was the only investigator to evaluate premorbid function. However, two participants who had a history of attendance in special education classes, reading problems and spelling problems were included in this study. Lewis et al 34 were the only investigators to control for drugs, physical activity and sleep quality. Importantly, participants were excluded if they were taking medication that are known to influence corticomotor excitability. Gardner et al 32 controlled for current prescription medication use among retired rugby players. It is important to view results within a wider context and to consider what implications the observed differences in test performance will have in terms of clinical performance and ongoing neurological function. Hume et al 10 found that rugby players performed worse than non-contact sport controls in certain areas of cognition. However, the elite rugby players still performed equally or better than US normative values on 6 out of 11 measures. In the other five measures (cognitive flexibility, processing speed, executive functioning, reaction time and verbal memory), they performed slightly lower (small to moderate EFs) than US normative values. The elite rugby players performed slightly better than the US norms on motor speed, while the community rugby players performed slightly better than US norms on a measure of complex attention. Collectively, the rugby cohort performed worse on 45% of the measures compared with the controls but were within one SD of normative values. For example, while there was a moderate difference in complex attention between the elite rugby group and the non-contact group, the mean score for the elite players on complex attention was 99, which was near the US standardised average of 100. The moderate between group differences is therefore due to the non-contact sport control group outperforming US standardised average, with a mean score of 106. McMillan et al 27 reported decreased performance in retired rugby players in two out of seven cognitive tests. However, the performance of the rugby player group still fell within the normal range for all tests. Where differences were found, they were not associated with a higher number of repeat concussions.
Similarly, results from the study by Gardner et al 32 are unclear. The study investigated neurometabolites, based on literature suggesting that they may be indicators of neuronal loss, neuroinflammation, axonal injury and possible neurodegenerative pathologies such as Alzheimer's disease and mild cognitive Impairment (MCI). 32 Biochemical alterations were evident for one out of five of these neurometabolites. The significance of this finding is unclear, particularly given the lack of clinical correlates. Lewis et al 34 found some evidence for altered corticomotor excitability and intracortical inhibition in retired elite rugby players in comparison with retired non-contact sport players. Importantly, both rugby groups reported a similar number of concussions and symptom severity compared with the control group, which did not influence the results. Given the absence of findings in the community rugby group, the association with previous concussion is unclear. However, one explanation may be the higher cumulative influence of repeated head impact exposure at the elite-level driving between group results. There is evidence to suggest that cumulative effect of multiple concussions or repeated head impact exposure may be more influential than the effect of a single concussion. 43 An attempt to quantify overall head impact exposure was not undertaken, making it uncertain if long-term exposure to rugby without concussion is associated with alterations in corticomotor function.
Decq et al 33 did not find an association between S-R concussion history and cognitive outcome. However, smoking and higher education were factors independently associated with higher and lower S-R cognitive dysfunction, respectively. Among retired rugby players in the study by McMillan et al, 27 persisting symptoms attributed to concussion were more common if reporting more than nine concussions (p=0.03), although these symptoms were not perceived to affect social or work functioning. McMillan and Gardner et al 32 both found significantly poorer performance in rugby players in comparison with Open Access controls on test of fine motor function. It is inconclusive whether this deficit can be attributed to a history of head impact exposure. There are also a number of other factors that may contribute to poorer fine motor control and dexterity in retired players, namely musculoskeletal injuries to the upper limb sustained throughout a career, which are extremely common in rugby. 44 45 Four out of five studies included alcohol screening, 10 32-34 Gardner et al 32 found that former rugby players reported significantly greater alcohol consumption in comparison with controls (0<0.01). This which may have impacted finemotor performance. 46 In addition to concussion, the brain itself is constantly changing primarily because of normal ageing. Two out of the five studies had an age cut-off as part of the exclusion criteria. 33 34 Lewis et al 34 required former players to be aged 30-65 years. Similarly, Decq et al 33 excluded retired players over the age of 66 years. It is possible that the relatively young age of retired rugby players in the included studies and the age cut-off in two studies may have influenced results, given that younger retired rugby players would be expected to be more cognitively resilient. It may be more pertinent to follow players over the age of 65 years, due to the normal effects of the ageing process on cognitive functioning and the suggested role that head impact exposure may play in this process. 47 Particularly, in light of the influence of cognitive reserve and neural compensatory mechanisms, [48] [49] [50] which begin to diminish with age. Therefore, the exclusion of players in this age bracket in both studies may have limited the potential for greater observed between group differences. Follow-up studies are required on these rugby players as they enter older age. The neurocognitive findings in the study by Thornton et al 35 present an interesting finding, given there were minimal differences across the three concussion exposure groups in neuropsychological functioning. If there was a cumulative effect of head impact exposure on neuropsychological performance, a difference would be expected in the form of decreased performance in retired players in comparison with younger players.
The nature of rugby has changed over time and will continue to evolve. The modern game has larger, faster, stronger players, experiencing greater impact forces. 10 Therefore, the nature of long-term health in former players may change over time. Equally, major strides in the awareness of SRC, availability of sideline medical assessment and treatment of players are evident across the board and specifically within the sport of rugby. The rigour with which concussion is identified and return to play managed has greatly improved. 27 This may positively influence the long-term brain health of retired athletes and minimise any potential adverse long-term effects of rugby on brain functioning. Hence, findings from this review may not generalise to the modern rugby era but do not preclude additional investigation. Whether repeated concussions associated with playing rugby can be partly or completely responsible for longer term neurological disorders in older retired rugby players remains unanswered.
COnClusIOn
This review highlights the need for additional research to clarify the long-term influence of playing rugby on the brain health of retired rugby players. Despite the call for bans, the evidence is inconclusive and poorly developed. This review does offer positive findings in relation to objective neuropsychological performance in retired rugby players, the majority of which were normal, apart from fine motor control. Reliability of player self-reported concussion and the evidence of increased self-reported cognitive difficulties among some retired rugby players must be further investigated. In the absence of prospective epidemiological studies to establish a direct relationship between playing rugby and long-term brain health, the neurocognitive status of living retired rugby players remains unclear. Further research is required to investigate whether decreased cognitive functioning, both objectively and subjectively, may become more apparent in retired rugby players as they age. Equally, additional research is necessary to investigate evidence of neurochemical changes and fine motor functioning in retired rugby players and the aetiology and pathophysiology behind findings.
reCOMMendATIOns There is an urgent need for prospective longitudinal studies of brain health in rugby players, taking into account both history of concussion and overall head impact exposure. With regard participants in the current review, ongoing follow-up of rugby players is needed to clarify the potential long-term direct or indirect influence of head impact exposure on cognitive function in ageing rugby players.
